Abstract This review examines the organizational principles underlying olfactory learning in three specialized contexts that occur during sensitive periods of enhanced neural plasticity and emphasizes some of their common features. All three forms of olfactory learning are associated with neural changes in the olfactory bulb (OB) at the first stage of sensory processing. These changes require the association of the olfactory and somatosensory signals in the OB. They all depend on somatosensory stimulation-induced release of noradrenaline that induces structural and functional changes at mitral-granule cell reciprocal synapses in the OB, resulting in increases in inhibitory transmission. In the accessory olfactory bulb, this represents the enhanced self-inhibition of mitral cells, which selectively disrupts the transmission of the mating male's pregnancy-blocking signal at this level. In contrast, an extensive network of secondary dendrites of mitral cells in the main olfactory bulb probably results in a sharpening of the odor-induced pattern of activity, due to increases in lateral inhibition, leading to offspring recognition in sheep and neonatal learning in rats and rabbits. These findings show that inhibitory interneurons play a critical role in olfactory learning.
Introduction
Experience exerts a profound influence on the brain and, therefore, on behavior. When the effect of experience on the brain is particularly strong during a limited period, it is referred to as a sensitive period. The learning that occurs during this sensitive period exerts a long-lasting influence on the development of the individual's social and emotional behavior. The best characterized forms of mammalian learning that occur during sensitive periods, and those for which the most is known at the synaptic and cellular levels, are the learning of male pheromonal signals by female mice during mating (Brennan, 2004 (Brennan, , 2009 Brennan et al., 1990; Keverne, 1997, 2004; Brennan and Zufall, 2006; Kaba and Nakanishi, 1995) , the learning of newborn lamb odors after parturition in sheep (Kendrick et al., 1997a; Lévy and Keller, 2009; Lévy et al., 2004; Sanchez-Andrade and Kendrick, 2009; Sánchez-Andrade et al., 2005) , and olfactory conditioning in neonatal animals such as rats and rabbits (Hudson, 1993; Leon, 1992; Moriceau and Sullivan, 2005; Sullivan and Wilson, 2003; Wilson and Sullivan, 1994; Wilson et al., 2004) . In this review, I compare the neural basis of olfactory learning in three different contexts and define what is common or different among them, and then attempt to identify the fundamental neurobiological principles of olfactory learning.
Projection Pathways of the Main
Olfactory Epithelium and the Vomeronasal Organ
The nasal cavity of most mammals contains two major sets of chemosensory neurons located in the main olfactory epithelium and in the vomeronasal organ (Scalia and Winans, 1975; Shipley and Ennis, 1996) (Fig.  1) . Whereas the olfactory sensory neurons (OSNs) send their axons, which are bundled to form the olfactory nerve, to the main olfactory bulb (MOB), the vomeronasal sensory neurons (VSNs) send axons, which together make up the vomeronasal nerve, to the accessory olfactory bulb (AOB), a structure that is spatially and histologically distinct from the MOB and located at its
Fig. 1 Projection pathways of the main olfactory epithelium and the vomeronasal organ
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caudal-dorsal end. The MOB projects to various forebrain and cortical targets including the anterior olfactory nucleus, olfactory tubercle, taenia tecta, piriform cortex, anterior cortical and posterolateral cortical amygdala, and the entorhinal cortex (Shipley and Ennis, 1996) . In contrast to the diverse projections of the MOB, the projections of the AOB are limited. The principal neurons of the AOB send their axons primarily to the bed nucleus of the stria terminalis, the bed nucleus of the accessory olfactory tract and the medial and posteromedial cortical nuclei of the amygdala, which in turn, sends projections to several hypothalamic nuclei .
While the main olfactory system and vomeronasal system exhibit segregated pathways at the level of the first olfactory relay, the two systems converge downstream at several levels, including the medial amygdala (Swanson and Petrovich, 1998) . In addition, the AOB receives backward connections from several forebrain sites including the bed nucleus of the accessory olfactory tract, the rostral portion of the medial amygdala, and the posteromedial cortical nucleus of the amygdala (Barber, 1982) . It has been suggested that main olfactory-medial amygdala-AOB signaling may motivate approach behavior to opposite-sex pheromonal signals that ensure successful reproduction (Martel and Baum, 2009) . Therefore, the main olfactory system and vomeronasal system should be viewed as complementary rather than separate pathways for chemosensory communication.
Olfactory and Vomeronasal
Chemosensory Detection Molecular biological techniques have yielded valuable information about the chemosensory receptors of the main olfactory epithelium and vomeronasal organ (Dulac and Torello, 2003; Zhang and Firestein, 2002) . There are as many as 1000 odorant receptors in the mammalian genome. Each OSN expresses only one type of odorant receptor, but many separate OSNs express the same type of odorant receptor. Axons of OSNs of the same type converge to form glomeruli in the MOB.
Considerable progress has been made in our understanding of transduction mechanisms in OSNs (Pifferi et al., 2006; Schild and Restrepo, 1998 ligand sensitivity of the cAMP-gated channels. Ca 2+ -calmodulin also stimulates the activity of a phosphodiesterase. OSNs respond to a relatively broad range of related molecular structures; thus a given odorant will stimulate more than one type of OSN, and each OSN will be activated by more than one odorant. The olfactory system can therefore represent a wide range of odorants by different patterns of activity across the receptor repertoire. Two main classes of receptor termed V1R and V2R have been cloned from rodent VSNs (Dulac and Axel, 1995; Herrada and Dulac, 1997; Matsunami and Buck, 1997) . The mouse V1R and V2R gene families include respective intact genes of 187 and 70 (Shi and Zhang, 2007) , and both belong to the G-protein-coupled receptor gene superfamily. V1R-expressing VSNs with cell bodies in the apical zone of the sensory epithelium contain the G-protein subunit Gα i2 and project to the anterior AOB, whereas V2R-expressing VSNs in the basal zone contain the G-protein subunit Gα o and project to the posterior AOB (Berghard et al., 1996; Jia et al., 1997; Shinohara et al., 1992) (Fig. 1) . In vitro recordings from guinea pigs Cavia porcellus AOB have demonstrated a precise boundary in each subdivision of the AOB (Sugai et al., 1997) . Vomeronasal receptors share little homology with olfactory receptors from the olfactory epithelium and there is little homology between the two classes, suggesting that they have distant evolutionary origins. Recent studies have shown that V1R-expressing VSNs respond to small organic pheromones such as 6-hydroxy-6-methyl-3-heptanone, (R, R)-3, 4-dehydroexo-brevicomin, (S)-2-sec-butyl-4, 5-dihydrothiazole (Del Punta et al., 2002; Leinders-Zufall et al., 2000) , while V2R-expressing VSNs respond to peptides such as peptide ligands of major histocompatibility complex (MHC) molecules, a male-specific, 7kDa peptide called ESP1 and major urinary proteins (MUPs) (Chamero et al., 2007; Kimoto et al., 2005; Leinder-Zufall et al., 2004; Touhara and Vosshall, 2009) . VSNs have a different transduction mechanism from OSNs (Munger et al., 2009; Zufall et al., 2005) (Fig. 1) . V1R signaling relies on the activation of phospholipase C and results in generation of phosphatidylinositol-3-phosphate and diacylglycerol, which in turn activate the transient-receptor-potential (TRP) C2 cation channel localized in the microvilli of VSNs (Lucas et al., 2003) . Recent studies have shown that deletion of TRPC2 gene impairs signal transduction of ESP1 but not MHC peptide ligands in V2R-expressing VSNs Touhara and Vosshall, 2009) . Whether this signaling applies also to V2R-expressing VSNs remains to be clarified, although it is clear that stimulation of these VSNs elevates intracellular Ca 2+ (Munger et al., 2009; Zufall et al., 2005) .
4 Olfactory Bulb Circuitry and Contrasting Differences Between the MOB and AOB
The first stages of processing in the main olfactory system and vomeronasal system are the MOB and the AOB, respectively. Within the glomeruli, the olfactory nerve terminals form axodendritic synapses onto the dendritic tufts of the mitral, tufted and periglomerular cell dendrites, followed by obligatory dendrodendritic and dendroaxonic interactions between mitral/tufted cell dendritic tufts and periglomerular cell tufts (Pinching and Powell, 1970a, b) . Anatomical studies are revealing a wealth of complex synaptic interconnections (Kosaka and Kosaka, 2005) . After the initial input to the mitral, tufted and periglomerular cells, further processing may take place within the glomerulus through the dendrodendritic microcircuits. The periglomerular cells contain γ-aminobutyric acid (GABA), dopamine, enkephalin, thyrotropin-releasing hormone (Kosaka and Kosaka, 2005) . Physiological studies are revealing the active properties, including calcium transients, of dendritic tufts (Zhou et al., 2006) . This is believed to contribute to signal-to-noise enhancement and enable the mitral/tufted cells to respond to weak threshold odor concentrations (Chen and Shepherd, 2005) . Interneurons in the glomerular layer appear to involve lateral inhibitory effects that may mediate contrast enhancement and initial extraction of molecular features strength (Aungst et al., 2003) . External tufted cells appear to establish complex networks that set the background level of excitability independent of odor stimulus (Cleland et al., 2007) .
At the second level of organization, the main type of microcircuit is the dendrodendritic reciprocal synapses between mitral/tufted cells and granule cell interneurons. The mitral cells, when activated by olfactory or vomeronasal nerve inputs, depolarize the granule cell spines by means of glutamate released at the dendrodendritic synapses (Fig. 2) . This depolarization in turn releases GABA from the granule cell spines and hyperpolarizes the mitral/tufted cells. The synaptic microcircuit is mediated primarily by N-methyl-D-aspartate (NMDA) receptors on the granule cell spines receiving the glutamatergic input from the mitral/tufted cell dendrites (Isaacson et al., 1998; Schoppa et al., 1998; Taniguchi and Kaba, 2001) .
Recently, characteristics of different cells included on the AOB of the rat (Ruttus) have been studied in depth (Larriva-Sahd, 2008) . Essentially, the structure of the AOB is similar to the MOB. However, there are several important anatomical differences between the AOB and MOB that may reflect differences in the processing of chemosignals. The glomerular layer is less distinct in the AOB than in the MOB. In addition, periglomerular cells in the AOB are far fewer than in the MOB. The most significant differences between the AOB and MOB are those of mitral cell morphology, which influence the sampling of glomerular signals and the function of inhibitory mechanisms (Brennan and Keverne, 1997) . A single mitral cell in the AOB projects several primary dendrites to different glomeruli, whereas a single mitral cell in the MOB projects a primary dendrite to a single glomerulus (Mori, 1987) . Mitral cells of the MOB have an extensive network of secondary dendrites that project Signaling pathways that inhibit transmitter release are marked by minus signs. α 2 R, α 2 -adrenergic receptor; E, intracellular effector; G, G protein; GABA A R, GABA A receptor; Glu, glutamate; GluR, ionotropic glutamate receptor; VNE, vomeronasal epithelium; VNN, vomeronasal nerve; VSCC, voltage-sensitive calcium channel. radially, in the external plexiform layer, in a plane tangential to the mitral cell layer. This neuronal architecture may result in a sharpening of the odor-induced pattern of activity, due to increases in lateral inhibition. In contrast, mitral cells of the AOB have poorly developed secondary dendrites; dendrodendritic reciprocal synapses in the AOB are formed mainly on primary dendrites rather than secondary dendrites. Although dendrodendritic reciprocal synapses in the AOB are capable of mediating both self-inhibition and lateral inhibition, the balance may be shifted towards self-inhibition. Thus, the inhibition mediated by the reciprocal synapses may be placed to disrupt the transmission of the chemosignal to the mitral cell soma (Fig. 2) .
The synaptic circuitry of the olfactory bulb (OB) has much in common with that of the retina. There are, however, significant differences between them. One of the striking differences is that the OB, unlike the retina, receives the wealth of centrifugal projections from specific brain areas, including ascending cholinergic, noradrenergic and serotonergic systems (Shipley and Ennis, 1996) . From this point of view, the OB is more similar to higher cortical structures, which receive extensive 'association' projections from other cortical areas. Hence, it is not surprising to learn that the OB not only functions as a relay conveying information to its projection sites, but also serves as a structure which has the capacity for neural plasticity involved in learning and memory. This is true for all three specialized forms of olfactory learning.
Mate Recognition in Mice: Implications for Information Processing
One of the best-understood forms of olfactory learning in mammals is mate recognition memory in mice. This memory is formed by newly mated female mice to male chemosignals that are present in male urine immediately after mating. When a female mouse impregnated by a male of one strain is exposed to chemosignals from a male of another strain within three days after mating, the pregnancy is blocked and the female returns to estrus, a phenomenon first reported by Bruce (1959) . Chemosignals of a mating male have the capacity to block pregnancy by a male of a different strain while not blocking pregnancy that he himself has induced. Of particular interest to me are the mechanisms by which the female recognizes the mating male's chemosignals and gates their effects so as to maintain the pregnancy.
Chemosignals present in male urine have estrus-inducing effects on females, including the acceleration of puberty (Vandenbergh effect) (Vandenbergh, 1969) , the induction of estrus in grouped anestrous females (Whitten effect) (Whitten, 1956 ) and the blocking of pregnancy in newly mated females (Bruce effect) (Bruce, 1959) . Previous studies have demonstrated that all three primer effects in mice are mediated by the vomeronasal system (Bellringer et al., 1980; Lomas and Keverne, 1982; Rajendren and Dominic, 1984; Reynolds and Keverne, 1979) . A recent study suggests involvement of the main olfactory system in the acceleration of puberty (Slotnick et al., 2010) . Juvenile females with lesions of the main olfactory epithelium failed to show puberty acceleration subsequent to exposure to bedding from adult males, suggesting that odor detection by the main olfactory epithelium is required for initiating sampling by the vomeronasal system. Incorporating our findings (Li et al., 1989 (Li et al., , 1990 ) with those of others, I posit that the following sequence of events occur in newly mated female mice after exposure to the chemosignals of an unfamiliar male (Fig. 1) . After the main olfactory epithelium detects chemosignals and initiates activation of the vomeronasal pump, male chemosignals that are sensed by the vomeronasal organ activate an excitatory pathway via the AOB, medial amygdala, and medial preoptic area to tuberoinfundibular dopaminergic (TIDA) arcuate neurons as part of the final common pathway of the vomeronasal system. The excited TIDA neurons release dopamine into the hypophyseal portal circulation, which in turn inhibits prolactin secretion from the anterior pituitary. Without this luteotrophic support, progesterone secretion from the corpus luteum decreases and embryo implantation fails. It should be noted that the medial amygdala receives input from both the vomeronasal structures and the main olfactory structures, and is a major site for the integration of chemosensory signals with other sensory cues and hormonal states.
The AOB Critical for Mate Recognition
Memory formation to the mating male's chemosignals depends on cervicovaginal stimulation at mating (Keverne and de la Riva, 1982) , but requires a prolonged exposure of four to six hours to male chemosignals immediately after mating (Rosser and Keverne, 1985) . In other words, exposure to male chemosignals alone is insufficient to produce a memory and the chemosignals that are recognized need not necessarily be those of the male performing the mating (Keverne and de la Riva, 1982) . The formation, but not recall, of the memory depends on matinginduced activation of noradrenergic terminals and α-adrenergic receptors in the AOB Keverne and de la Riva, 1982; Rosser and Keverne, 1985) .
An important issue is identifying the neural structures and systems involved in a given form of learning and memory. This problem of localization of the putative memory trace has been approached using lesions. Plausible candidates as parts of the memory-trace system are the main olfactory system that projects to cortical structures, and the hippocampus, which has been shown to be concerned with olfactory learning (Stäubli and Lynch, 1984) . Nevertheless, lesions to the main olfactory system or the hippocampus did not prevent females from discriminating between familiar and unfamiliar males, excluding the possibility that the memory trace for recognition of the mating males' pheromones develops in the main olfactory system or the hippocampus (Lloyd-Thomas and Selway and Keverne, 1990 ). Thus, these findings support the view that the memory trace is established in the vomeronasal system and its central projections to the hypothalamus. Of note is that the vomeronasal pathway is necessary and sufficient not only for allowing the unfamiliar male to block pregnancy, but for laying down the memory trace that prevents the mating male from blocking pregnancy that he himself has induced.
Which relay in the vomeronasal pathway is required for the laying down of the memory trace? Lesions to each relay in the vomeronasal pathway would disrupt pathways to the neuroendocrine effector system. Such an approach would make it impossible to assess memory presence, because pregnancy block is the only available index for measuring the recognition memory. An alternative approach that temporarily prevents information transfer was therefore adopted: lignocaine, a local anesthetic, was infused into each relay in the vomeronasal pathway during the critical exposure to the mating males' pheromones to induce memory formation . Infusions of lignocaine into the AOB of the female, the first relay in the vomeronasal pathway, resulted in a memory deficit, as revealed when odor of the mating male blocked the pregnancy of the female it impregnated. Similar treatments at the second relay in this pathway, the medial amygdala, did not prevent memory formation. Taken together with the finding that memory formation is dependent on noradrenergic innervation of the AOB Keverne and de la Riva, 1982; Rosser and Keverne, 1985) , these experiments clearly localize an essential component of the memory trace to the AOB. This conclusion is substantiated by the finding that infusions of the protein synthesis inhibitor anisomycin into the AOB block memory formation in the late (three to six hours after mating) phase of the critical exposure time for memory formation .
Both the main olfactory system and the vomeronasal system have access to the hypothalamus controlling neuroendocrine and behavioral responses (Boehm et al, 2005; Yoon et al., 2005) as well as the medial amygdala, which is a major site for the integration of chemosensory information with other sensory cues and hormonal states (Brennan and Zufall, 2006) . A recent study has provided evidence that systemic administration of a dopamine D2 receptor antagonist is capable of producing pregnancy block when exposure to soiled strange male bedding occurs 6.5 days following mating, although the normal pregnancy blocking effect, which is mediated by the vomeronasal system, is only observed during the first 3 days after mating (Serguera et al., 2008) . This study suggests that the MOB plays a role in the maintenance of pregnancy by a post-mating increase in dopaminergic inhibition of social olfactory input. Accordingly, it appears that the main olfactory system and the vomeronasal system send social chemosignals to shared structures such as the amygdala and the hypothalamus and so interact in neuroendocrine and behavioral responses.
Neural Mechanisms of Mate Recognition
The formation of mate recognition memory requires the association of mating male chemosignals and mating signal in the AOB. The mating signal is conveyed by noradrenergic projections from the locus ceruleus (LC). Artificial vaginocervical stimulation (Rosser and Keverne, 1985) or mating (Brennan et al., 1995) promotes the release of noradrenaline (NA) in the AOB. Blockade of α-adrenergic receptors in the AOB immediately after mating prevents the formation of the mate recognition memory, as does removal of noradrenergic innervation of the AOB prior to mating (Rosser and Keverne, 1985) . Furthermore, memory formation is associated with neurochemical and morphological changes at the mitral-granule cell reciprocal synapses (Brennan et al., 1995; Matsuoka et al., 1997 Matsuoka et al., , 2004 . Despite advances such as these, there remains a gap in our knowledge of the electrophysiological aspects of this process, since there has been little investi-gation of the long-lasting increase in synaptic strength known as long-term potentiation (LTP). Further, cellular and synaptic mechanisms underlying noradrenergic modulation of the mate recognition memory are also unknown. Given that NA is an important determinant of mate recognition memory, I reasoned that NA might be involved in a critical step of LTP induction.
Incorporating my findings with those so far described, the following sequence of events is hypothesized to occur in female mice (Kaba and Huang, 2005) (Fig. 2) . During mating with a male, the association of the mating male's chemosignals with increased levels of NA in the AOB depresses glutamate release from the mitral cells via presynaptic activation of α 2 -adrenergic receptors. This causes postsynaptic granule cells to generate more precisely timed action potentials, which propagate into the granule cell dendrites with a subsequent boost in calcium transients, resulting in NMDA receptor-dependent LTP at the mitral-to-granule cell side of the reciprocal synapses that are activated by the mating male's chemosignals. The LTP leads to a sequence of changes in the morphology of the reciprocal synapses (Matsuoka et al., 1997 (Matsuoka et al., , 2004 and an increased release of GABA in the AOB (Brennan et al., 1995) .
Like NA, oxytocin (OT) facilitates the induction of NMDA receptor-dependent LTP at the mitral-to-granule cell synapse in the AOB (Fang et al., 2008) . OT knockout female mice terminate their pregnancies regardless of whether their original mate or an unfamiliar male is reintroduced (Wersinger et al., 2008) . Accordingly, OT-induced LTP at the mitral-to-granule cell synapse may be relevant to the formation of mate recognition memory.
A previous study has shown that the activation of mGluR2, a metabotropic glutamate receptor, in the AOB permits the formation of a specific olfactory memory that faithfully reflects the memory formed at mating (Kaba et al., 1994) . The activation of mGluR2 also leads to LTP at this synapse, independently of NA and NMDA receptors, suggesting that both NMDA receptors and mGluR2 participate together in the synaptic plasticity that underlies mate recognition memory. During subsequent exposure to urinary chemosignals of the mating male, mitral cells with the potentiated synapses would be subject to enhanced feedback inhibition from granule cells, which could selectively disrupt or modulate the transmission of the mating male's pregnancy-blocking signals at the level of the AOB (Fig. 2) . Urinary chemosignals from an unfamiliar male would activate a different subpopulation of mitral cells without potentiated synapses, and would finally transmit male chemosignals to the hypothalamus resulting in pregnancy block. Indeed, c-fos expression, a marker of neuronal activity, is attenuated in the medial amygdala of mated females in response to the mating male's chemosignals (Halem et al., 2001) . Our findings support a model in which mate recognition memory is mediated by a redundant mechanism involving NA-and OT-coupled, NMDA receptor-dependent and mGluR2-dependent pathways. Redundant systems improve signal-to-noise leading to a robust memory that is resistant to interference.
Candidates for Pregnancy-Blocking and Individuality Chemosignals
Pregnancy-blocking chemosignals are present in the protein fraction of male mouse urine (Marchelwska-Koj, 1977) . Mouse urine contains a high concentration of proteins, over 99% of which are major urinary proteins (MUPs), a group of 18-20 kDa lipocalins characterized by a double binding domain (one for a receptor and one for a ligand). MUPs bind small volatile urinary chemosignals, including androgen-dependent compounds such as (R, R)-3,4-dehydro-exo-brevicomin and (S)-2-sec-butyl-4,5-dihydrothiazole that are known as estrus-inducing pheromones (Novotny, 2003) . However, a mixture of the two compounds has been found to be ineffective in blocking pregnancy (Brennan et al., 1999) . Instead of being related to MUPs, the pregnancy-blocking effect appears to be conveyed by a low molecular mass fraction of urine (Peele et al., 2003) . Since the discovery that congenic mice that differ from the mating male at only the H2 locus of the MHC are effective in blocking pregnancy (Yamazaki et al., 1983) , MHC genes have been recognized for their influence on male urinary pregnancy-blocking chemosignals. The mechanism by which MHC genes determine the individual identity of mouse urine is still unclear. Current models consider MHC molecules or their fragments, degradation products of their peptide ligands, or products of the MHC-dependent microflora as potential chemosignals (Beauchamp and Yamazaki, 2003; Penn and Potts, 1998) . Leinders-Zufall et al. (2004) tested whether small nonvolatile peptide ligands of MHC molecules could function directly as chemosignals of individuality in the context of pregnancy blocking. The results show that MHC peptides are accepted as natural odors in a distinct social behavior. Leinders-Zufall et al. (2009) further tested how the diversity of MHC peptide ligands is recognized and encoded by VSNs. They found that VSNs detected MHC peptide ligands at subpicomolar concentrations and exhibited combinational activation with overlapping specificities for peptide recognition, rather than a one ligand-one receptor-one cell scheme. A major problem remains that MHC peptide ligands have yet to be identified in mouse urine.
Maternal Recognition of Offspring in Sheep
Because sheep are highly gregarious in addition to seasonal breeders, hundreds of young may be born within a very short period. Lambs are precocial young and within a few hours after birth they are capable of standing up, moving around and suckling their mothers. The maternal ewe rapidly forms the ability to recognize her lambs by identifying their individual body odors immediately after parturition. Mothers display aggression towards strange young that attempt to suckle and restrict maternal investment to only their offspring (Kendrick et al., 1992) . Although this odor learning and maternal acceptance behavior are dependent on the hormonal environment of late gestation, the sensitive period for odor learning is triggered by vaginocervical stimulation during parturition , which triggers releases of NA, acetylcholine and OT in the OB. Offspring recognition is dependent on the main olfactory system, but it, unlike mate recognition in mice, requires a more distributed neural network in the main olfactory system. The MOB, the piriform cortex, the medial and cortical nuclei of the amygdala, the entorhinal cortex and the hippocampus are involved in the formation of a selective recognition memory (Lévy and Keller, 2009; Sanchez-Andrade and Kendrick, 2009) . Following memory consolidation, it seems that only the MOB and piriform cortex are needed to maintain a memory trace. The participation of the MOB is central for the formation and recall of the recognition memory . In the MOB, memory formation is associated with neural changes at mitral-granule cell reciprocal synapses (Kendrick et al., 1997a, b; Lévy and Keller, 2009; Lévy et al., 2004; Sanchez-Andrade and Kendrick, 2009; Sánchez-Andrade et al., 2005) . These changes involve both centrifugal and intrinsic MOB pathways. The release of NA and acetylcholine via centrifugal projections reduces GABA release by granule cells onto mitral cells and consequently disinhibits them. Oxytocin release within the MOB during parturition may act to modulate NA release, facilitating offspring recognition. Under the disinhibited state, a subpopulation of mitral cells greatly enhance their activity in response to incoming lamb odors and consequent glutamate release. Glutamate acting on ionotropic glutamate receptors in turn activates an intracellular molecular cascade that releases nitric oxide from granule cells. Nitric oxide acts as a retrograde messenger at mitral cells and promotes further glutamate release. Sustained activation of the mitral-granule cell reciprocal synapses produces long-lasting changes at these synapses, resulting in enhanced GABA release from the granule cells thus increasing feedback inhibition onto mitral cells. The increases in GABAergic transmission would represent a sharpening of the odor-induced pattern of activity, due to increases in lateral inhibition. In fact, a small proportion of mitral cells respond preferentially to the learned odors of the ewe's own lamb, although mitral cells display almost no response to lamb odors before parturition.
Early Olfactory Learning in Rodents
Another model that has proven useful for identifying circuit, cellular and molecular mechanisms of learning that occurs during a sensitive period is early olfactory learning, a form of rapid classical conditioning in preweanling young rats (Sullivan and Wilson, 2003; Wilson and Sullivan, 1994) . Neonatal rats and rabbits are altricial, and pups are confined to the nest environment with the main sensory input mediated by the olfactory and somatosensory modalities. Pups, however, must learn the odor of the mother to ensure nipple attachment and orientation to the mother. In fact, there is a developmentally determined sensitive period, during which olfactory learning is enhanced. Neonatal rabbits and rats can be classically conditioned to odors using tactile stimulation of the peri-oral region during suckling and one of a myriad of potential unconditioned stimuli such as milk, stroking and electric-shock (Wilson and Sullivan, 1994) . In neonatal rats, the association of olfactory signals and somatosensory stimulation-induced releases of NA and serotonin in the MOB reduces habituation of mitral-cell odor responses during training (Wilson and Sullivan, 1992) , and elevates cAMP levels in mitral cells (Cui et al., 2007; Yuan et al., 2003b) . Elevated cAMP levels increase cAMP response element binding protein phosphorylation (McLean et al., 1999; Yuan et al., 2000 Yuan et al., , 2003a Zhang et al., 2003a, b) and subsequent protein synthesis changes that lead to an odor-specific and long-term change in spatio-temporal output patterns of mitral cells, primarily expressed as an enhanced probability of inhibitory responses to the learned odor (Wilson and Leon, 1988) . A recent study has led to the view that the mitral-to-granule cell synapse in the MOB is a key site of synaptic plasticity underlying olfactory learning in neonatal rats, based on the observations that plasticity, in the form of LTP, occurs at the mitral-to-granule cell synapse in MOB slices and the effects of drugs that inhibit or facilitate LTP induction correlate with the effects of these drugs on olfactory learning (Zhang et al., 2010) .
Early olfactory learning-associated changes also occur at the glomerular input level (Leon, 1987) . These include physiological and morphological changes in odor-specific regions of the glomerular layer (Coopersmith and Leon, 1984; Johnson et al., 1995; Woo and Leon, 1991) . Recent electrophysiological and calcium imaging analyses have shown that theta burst stimulation in the olfactory nerve produces LTP of glomerular excitatory postsynaptic potentials and of excitatory postsynaptic currents in periglomerular and external tufted cells, and potentiation of mitral cell calcium responses occurs when the theta burst stimulation is paired with β-adrenergic activation (Yuan, 2009 ). These results have been interpreted as supporting the hypothesis that one critical role of β-adrenergic activation in the MOB is to suppress the inhibitory juxtaglomerular network, subsequently transiently disinhibiting mitral cells and providing the conditions for strengthening olfactory nerve-mitral cell connections in selected glomeruli.
In neonatal rabbits, nipple-search conditioning can be acquired following a single trial of only five minutes during nursing, but only during a sensitive period of the first three days of life (Kindermann et al., 1994) . The pheromone that elicits nipple search behavior has been shown to be a single molecule, 2-methylbut-2-enal (Schaal et al., 2003) .
At postnatal day 10, as the sensitive period ends, rat pups develop the motor abilities to leave the nest (Bolles and Woods, 1965) , and their learning abilities become more adult-like. The infant's learning abilities expand to permit passive avoidance and inhibitory conditioning (Myslivecek, 1997) . Paradoxically, however, neonatal rats younger than postnatal day 10 trained in the same paradigm demonstrate a subsequent odor preference regardless of whether the unconditioned stimulus is appetitive or aversive (Sullivan et al., 2000a) . Thus, neonates have a sensitive period for rapid and robust odor learning characterized by an increased ability to learn odor preferences and decreased ability to learn odor aversions. This paradoxical behavior is attributable to a relatively simplistic olfactory learning and memory circuit that incorporates the OB, anterior piriform cortex, LC, and an apparent lack of amygdala participation (Sullivan et al., 2000a, b) . This sensitive period is supported by the hyper-functioning neonatal LC and the hypo-functional amygdala (Moriceau and Sullivan, 2004; Roth el al., 2006; Sullivan et al., 2000a) . The hyper-functioning neonatal LC releases copious amounts of NA into the MOB to produce the learning-induced plasticity of the MOB. The hypo-functional amygdala is attributable to naturally low corticosterone in pups (modulated by maternal stimulation) and is important in sensitive-period termination and developmental emergence of olfactory fear conditioning that acts via the amygdala as a switch between fear and attraction . Endogenous opioids play a role in suppressing olfactory fear conditioning via modulating the amygdala (Roth el al., 2006) . Conversely, dopaminergic activity in the amygdala switches odor preference to odor aversion learning (Barr et al., 2009) . In the mother's absence, odor-shock conditioning produces amygdala activation and learned odor aversions in preweanling (12-15 days old) rats. With maternal presence, this same conditioning yields an odor preference without amygdala activation . These studies suggest that the neonatal brain is not an immature version of the adult brain but is uniquely designed to optimize attachment to the mother .
Early-life stress may disrupt the programming of the hypothalamus-pituitary-adrenal axis, the limbic system, and the LC, all of which are considered critical mediators of early-life trauma on later life compromised mental health in animal models and humans . Of particular note is the fact that the pathway activated by chronic stress overlaps with the pathway activated by odor-preference learning. A recent study has shown that attachment odor learning combined with stress produces dual activation of the attachment circuit (LC-OB) together with the fear circuit (amygdale) and results in behavioral aversion to an odor .
Future Prospects
The findings described here suggest several avenues for future work. First, I have attempted to highlight the potential role of mitral-granule cell reciprocal synapses in olfactory learning. Thus, an increased understanding of how the reciprocal interactions shape olfactory information processing will be important for understanding the main olfactory and vomeronasal systems. Sec-ond, more focus must be placed on understanding how the reciprocal interactions are affected by olfactory learning. Theories of the selective gating of the mating male's chemosignal will be tested using a transgenic mouse that allows the persistent tagging of neurons that are activated during a given time window (Matsuo et al., 2008) .
Third, an alternative view argues that the mitralgranule cell reciprocal synapse is not a site of olfactory memory storage and offers alternative interpretations. For example, it is speculated that the mitral-granule cell reciprocal synapse is not unique but rather one of multiple sites of olfactory learning network to exhibit structural and functional changes during and after olfactory learning. Synaptic plasticity underlying three forms of olfactory learning may occur in the glomeruli of the OB at the first level of olfactory processing, as mentioned in the section of early olfactory learning. This view is supported by observations that the olfactory nerve-to-mitral cell synapse can express LTP or long-term depression after a brief tetanic stimulation in MOB slices of neonatal mice (Ennis et al., 1998; Mutoh et al., 2005) . Simultaneous whole-cell recordings from mitral cell pairs have shown that a direct form of chemical lateral excitation provides a means of mitral cell-mitral cell communication (Pimentel and Margrie, 2008) . Such mitral cell-mitral cell interactions within glomerular network appear to be another locus for olfactory plasticity. There is also functional evidence showing that individual glomeruli have the capacity for stimulus-evoked plasticity by focusing on the carbon dioxide circuit in Drosophila (Sachse et al., 2007) . Future developments could show the relative contribution of synaptic plasticity within the glomerular network to olfactory learning.
Fourth, current views on olfactory processing suggest that both the main olfactory and vomeronasal systems detect partially overlapping sets of social chemosignals. Consequently, both systems should be conceived as complementary rather than as separate pathways (Brennan and Keverne, 2004; Keller et al., 2009) . As mentioned earlier, the study performed by Serguera et al. (2008) suggests that mating-induced dopamine release in the MOB plays a role in gating social chemosignals detrimental to pregnancy. This raises questions of (1) how the main olfactory and vomeronasal systems detect partially overlapping sets of social chemosignals, (2) where the main olfactory information interacts with vomeronasal information, and (3) whether enhanced release of dopamine in the MOB reflects a consequence of learning-induced changes. The cortical and medial regions of the amygdala receive direct input from the AOB and MOB, and a hub in the networks governing social behavior in mammals (Brennan and Zufall, 2006) . The ventromedial hypothalamus is typically a target of the medial amygdala and contributes to the integration of olfactory and vaginocervical inputs controlling female sexual behavior (Robarts and Baum, 2007) and postcoital prolactin surges (Lehmann and Erskine, 2005) . Therefore, these regions would be possible integration sites from the AOB and MOB. Given that changes in dopamine are associated with learning, this dopamine model will help to reveal how learning affects the transmission of sensory information in other sensory systems. Further studies are needed to understand how the functions of the main olfactory and vomeronasal systems are integrated to regulate innate and learned behavioral and physiological responses to social chemosignals.
Fifth, a notable feature of OSNs and VSNs is that they are continuously replaced from stem cells in the epithelium throughout adult life. A second source of neural plasticity during adulthood occurs at the level of the OB (Lledo et al., 2006) . Adult-born cells arising from the subventricular zone of the telencephalon are incorporated as granule cells and periglomerular cells of the MOB and AOB. Although the number of studies which have examined the contribution of newly-generated neurons in the adult brain in a social context are still scarce, consequential progress has been recently made in connecting the production of adult born neurons with specific aspects of social behavior in some species (Gheusi et al., 2009) . Direct contact with male-soiled bedding enhances survival of new neurons in the AOB, but not in the MOB, suggesting that adult neurogenesis in the AOB may be functionally related to the role played by the vomeronasal system (Oboti et al, 2009 ). Regarding mate recognition memory in mice, this memory lasts for at least 30 days but fades by 50 days when recently mated females are exposed to an unfamiliar male to block their pregnancy . Accordingly, the memory could outlast the gestation period of 20 days. Notably, the endocrine environment during pregnancy or estradiol implants like pregnancy curtail the duration of the memory , which may be related to the recruitment of newly-generated VSNs or AOB interneurons. In a different learning paradigm, the ability of a mother rodent to recognize and nurture her young is associated with an increase in newborn neurons that are integrated into OB circuitry (Shingo et al., 2003) . In a classical conditioning paradigm in neonatal rats, odor exposure during early development may regulate survival of juxtaglomerular neurons near odor-specific glomeruli (Woo and Leon, 1991) , although this appears to occur during early development only. One study has provided evidence that recently generated adult-born granule cells in the MOB are particularly sensitive to synaptic plasticity (Nissant et al., 2009) . Therefore, olfactory learning may provide an opportunity to investigate the functional significance of newly proliferated cells.
Finally, different species may have achieved similar behaviors through a process of convergent evolution. There are no hard data demonstrating common mechanisms for olfactory learning in humans and non-human mammals. Nevertheless, it is intriguing to consider the possibility that similar mechanisms may underlie olfactory learning in both humans and non-human mammals. In humans, as in other mammals, naturally occurring odors play an important role in the coordination of reciprocal mother-infant interactions during the early postpartum period (Porter and Winberg, 1999) . It is hoped that future work focusing on olfactory learning in non-human mammals will lead to a better understanding of normal and abnormal social behaviors in humans.
Conclusion
All three specialized forms of olfactory learning in mice, sheep, and neonatal rats and rabbits are vital for reproductive success. Although they involve very different behavioral contexts, they share several common features. First, the sensitive periods for the three forms of olfactory learning are all triggered by somatosensory reinforcers, such as vaginocervical stimulation associated with mating in mice and parturition in sheep, tactile stimulation during maternal care in rats, and peri-oral stimulation associated with suckling in rabbits. Second, all three forms of olfactory learning are associated with neural changes in the OB at the first stage of sensory processing. The neural changes underlying mate recognition in mice occur in the AOB. Although the neural mechanisms of offspring recognition in sheep and neonatal olfactory learning in rats and rabbits are more distributed, they also involve changes occurring in the MOB. Third, these changes require the association of the olfactory (conditioned) and somatosensory (unconditioned) signals in the OB. The somatosensory signals are conveyed, at least in part, by noradrenergic projections from the LC to the OB. Finally, they all induce structural and functional changes at mitral-granule cell reciprocal synapses in the OB, resulting in increases in inhibitory transmission. However, recent studies have revealed more distributed neural pathways, and synergistic and redundant cellular and molecular mechanisms capable of triggering three forms of olfactory learning.
